Bacillus popilliae is an obligate pathogen for larvae of the insect family Scarabaeidae (Coleoptera). It forms parasporal crystals upon sporulation. The gene cry18Aa coding for the parasporal crystal protein and an upstream open reading frame, orf1, were previously isolated from B.popilliae. Here we report an analysis of cry18Aa transcription in Bacillus thuringiensis. The only transcriptional start site of cry18Aa was found 29 bp upstream of the open reading frame orf1, suggesting that orf1 and cry18Aa are transcribed as an operon. lacZ fusion to the cry18Aa promoter was used to follow the time-course of cry18Aa transcription in wild type B.thuringiensis and in various B.thuringiensis sporulation-deficient mutants (spo0A, sigE or sigK). In wild type B.thuringiensis, the cry18Aa promoter was activated 2 h after the end of exponential growth and the expression lasted to the late sporulation phase. The results of promoter activity in Spo + or Spobackgrounds together with the results of primer extension experiments suggest that the transcription from this promoter can be driven by both σ E and σ K types of RNA polymerase at a single start site. The promoter region of cry18Aa operon fits the consensus sequences of both σ E and σ K dependent promoters of Bacillus.
INTRODUCTION
Bacillus popilliae (Dutky) is an obligate pathogen for larvae of the insect family Scarabaeidae (Coleoptera) and causes milky disease of the host insects. At the late stage of the disease, very high numbers of B.popilliae spores (2-5 × 10 9 per larva) are generated in the hemolymph of the grub hosts. This causes the normally clear hemolymph of grubs to become turbid and results in a milky white syndrome of the hemolymph (1) (2) (3) . Despite over 50 years of B.popilliae research, the utilization of B.popilliae as a biological control agent is severely limited by the inability to induce sporulation in vitro and by the lack of knowledge about the interaction between the bacterium and its larval hosts.
Upon sporulation, B.popilliae forms parasporal crystals in a manner reminiscent of Bacillus thuringiensis. The parasporal crystals of B.thuringiensis, which contain mainly δ-endotoxins (insecticidal crystal proteins), are well known as specific microbial pesticides of insect larvae (4) . Most B.thuringiensis δ-endotoxin encoding genes, cry genes, have a monocistronic structure with the exceptions of cry2Aa (5), cry2Ac (6) , cry9Ca (7) and cry11Aa (8) (9) (10) . These genes are located in operons, which include at least another upstream open reading frame (ORF; orf1 or p19), between which >30% amino acid sequence identity was observed at the protein level. A third ORF (orf2 or p20) was found in cry2 and cry11 operons. They could be on either side of the cry genes and no obvious sequence similarity is detected between them.
The first promoters of cry genes/operons which have been identified are BtI and BtII (11) . They are transcribed by RNA polymerase containing either σ 35 (12) or σ 28 (13) respectively, which are B.thuringiensis analogues of σ E or σ K of Bacillus subtilis. Both σ E and σ K of B.subtilis are mother-cell-specific sigma factors which are active during the early to middle (σ E ) and middle to late (σ K ) sporulation phase (14) .
Most cry gene promoters of B.thuringiensis are functionally similar to the promoters BtI and BtII. They are recognized either by both σ E and σ K [cry1Ac (11) , cry1B (15), cry1C, (V. Sanchis, personal communication); cry4A (16, 35) , cry11A (10)] or only by σ E [cry4B (18) ]. Recently, another sigma factor σ H , which is a sigma factor required for the early stage of sporulation, was proven to be involved in the transcription of cry4A (17, 19) and cry11 (19 (17) . The transcription of cry2Aa can be driven by Eσ E (5) . Probably this promoter can be recognized also by Eσ K , as the authors detected the same transcriptional *To whom correspondence should be addressed. Tel: +49 6221 546881; Fax: +49 6221 545893; Email: zhang@sun0.urz.uni-heidelberg.de initiation sites with the RNA isolated from the early, middle and late sporulation phases of B.thuringiensis cells harboring the cry2Aa gene. At late sporulation phase, σ K , instead of σ E , is active in the B.thuringiensis mother cell (20) . In contrast with all of the above B.thuringiensis cry gene/operons, B.thuringiensis cry3 genes were found to be transcribed during sporulation by a form of RNA polymerase containing the major sigma factor, σ A (21, 22) .
Recently, cry genes have also been isolated from non-B.thuringiensis bacteria. Two genes, cry16Aa (23) and cry17Aa (DDBL/ EMBL/GenBank accession no. X99478), which encode mosquitocidal proteins, were isolated from Clostridium bifermentans subsp. malaysia CH18. Unlike Cry proteins of B.thuringiensis, Cry16A is secreted in the media as a soluble protein. It is unknown which sigma factors are used for the transcription of cry16A and cry17A. Recently, we isolated a gene cry18Aa1, which encodes the parasporal crystal protein of B.popilliae subsp. melolonthae H1 (24) . The gene showed significant sequence similarity to the B.thuringiensis cry2 genes, and was found 76 bp downstream of an ORF (orf1), which showed sequence similarity to the orf1 of cry2Aa (5) and cry2Ac (6), p19 of cry11A (8, 9, 25) and the first ORF of cry9Ca (7) operons. This suggests that the gene cry18Aa1 and orf1 are in one operon. To prove this assumption, analysis of the transcription of this gene is needed. However, it is very difficult to perform these experiments in B.popilliae, as the in vitro sporulation of B.popilliae is extremely inefficient and so far, no procedure has been developed to transform B.popilliae. A possible solution to this problem is to analyze the transcription of this gene in another Bacillus background.
Here we report the transcription analysis of the cry18Aa gene of B.popilliae in B.thuringiensis. The data show that the transcriptional start site of the gene is located 29 bp upstream of the translational start of orf1 and the transcription of cry18Aa is σ E dependent and may be driven also by the σ K form of RNA polymerase.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacillus thuringiensis strain 407 (H1 serotype) and its acrystalliferous derivative (Cry -) were isolated by O. Arantes as previously reported (26) . sigE, sigK and spo0A mutants of the strain B.thuringiensis 407 Cry -were constructed by Bravo et al. (20) and by Lereclus et al. (27) . Escherichia coli K-12 strain TG1 [∆(lac-proAB) supE thi hsdD5 (F′traD36 pro + proB + lacI q lacZ DM15)] and SCS110 [rpsL (str r ) thr leu endA thi-1 lacY galK galT ara tonA tsx dam dcm, supE44 ∆(lac-proAB) (F′traD36 pro + proB + lacI q lacZ ∆M15)] were used for the cloning experiments. Escherichia coli cells were grown at 37_C in Luria broth (LB) medium (28) . Bacillus thuringiensis strains were grown at 30_C in LB or in nutrient broth sporulation medium (SP medium) (27) . Antibiotic concentrations for bacterial selection were as follows: 100 µg/ml ampicillin (for E.coli), 10 µg/ml erythromycin (for B.thuringiensis). Figure 1 . Construction of the plasmids used in this study. The upstream regions of orf1 containing part of encoding sequence of the gene was amplified by PCR using primers P1 and P2 and the intergenic region between orf1 and cry18Aa containing part of both genes was amplified using primers P3 and P4. The two amplified fragments were fused to lacZ and inserted into pHT304 to generate the transcriptional fusion plasmids pHS1 and pHS2, respectively.
Plasmids and DNA fragments
The E.coli-B.thuringiensis shuttle vector pHT304 was constructed by Arantes and Lereclus (29) and the vector pHT304-18Z harboring the promoterless lacZ gene in pHT304 was constructed by Agaisse and Lereclus (30) . The plasmid pBP5.3 harboring the B.popilliae cry18Aa gene was described previously (24) and the accession number for the partial cry18Aa operon in the DDBJ/EMBL genebank is X99049. The oligonucleotides P1 (AAGAAGCTTCATGAATATCATTTTACTTCC) and P2 (GGAGGATCCGCAAGTTCAAATCCATGCGGG) were used for the PCR amplification of the 785 bp fragment containing the upstream region of orf1 and part of its structural gene, P3 (AAGAAGCTTCTTTTATTGCTAATGTAGAAG) and P4 (GGAGGATCCAATCATCACTAATCCCATCTG) for the amplification of the 487 bp fragment containing the region between orf1 and cry18Aa including part of both structural genes. Primers P1 and P3 have an extra 9 nucleotides (nt) at the 5′-end containing a HindIII restriction site and the primers P2 and P4 an extra 9 nt with the BamHI restriction site.
DNA manipulation and transformation
Plasmid DNA was extracted from E.coli by standard alkaline lysis procedure (28) . Restriction enzymes and T4 DNA ligase were from New England Biolabs (Beverly, MA), Taq polymerase was purchased from USB laboratories (Cleveland, OH), AMV reverse transcriptase from Boehinger Mannheim. Oligonucleotide primers were synthesized by Genset (Paris, France) and PCR amplifications were performed using a thermal cycler GeneAmp PCR system 2400 (Perkin-Elmer, Foster City, CA). Conditions for PCR were as follows: one incubation of 5 min at 95_C, followed by 30 cycles of 1 min at 92_C for denaturation, 1 min at 55_C for annealing and 1 min at 72_C for extension. At the end, Fig. 1) , were introduced into Spo + Bt 407. The promoter-directed β-galactosidase synthesis of the two clones were determined at the indicated times after growing the cells in SP medium at 30_C. Subsequently, plasmid pHS2 containing the transcriptional fusion of cry18Aa promoter region and lacZ was introduced into B.thuringiensis mutants deficient in spo0A, sigE or sigK genes and β-galactosidase activity was determined as indicated.
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an extra incubation at 72_C for 10 min was included. Standard procedures were used for E.coli transformation (28) . Bacillus thuringiensis cells were transformed by electroporation as previously described (26) .
Plasmid constructions
The 5.3 kb EcoRI insert of pBP5.3 ( Fig. 1) harbors the putative cry18Aa operon, which contains at least two ORFs, cry18Aa and orf1 (24) . PCR was performed to amplify the upstream sequences of both cry18Aa and orf1. The cloning of the PCR products into the E.coli-B.thuringiensis shuttle vector pHT304-18Z resulted in the plasmids pHS1 and pHS2, in which the putative promoter region(s) of the genes/operon were fused to the lacZ gene (Fig. 1) .
β-galactosidase assay
Bacillus thuringiensis strains were shaken at 150 r.p.m. at 30_C in SP medium. The cells from various growth phases were harvested by centrifugation and the pellets were frozen immediately at -20_C. The cells were suspended in 0.5 ml buffer Z (31), mixed with 250 mg glass beads (Sigma) and broken by shaking them at the highest speed for 45 s in a FastPrep FP120 machine (Savant). After centrifugation at 13 000 r.p.m. with a table centrifuge, the supernatant was removed for β-galactosidase assay (31) . Protein concentrations of the supernatant were determined with the Bradford reagent using bovine serum albumin as standard (32) . The specific β-galactosidase activities are expressed in modified Miller units (33) .
Primer extension
About 50 ml cells of Spo + Bt 407 Cry -(pHS2) and 407 sigK (pHS2) mutant were harvested at 0, 5 and 9 h after the onset of sporulation in SP medium. After centrifugation (6000 r.p.m., 10 min, at 4_C), the pellets were frozen at -70_C immediately. Isolation of RNA and primer extension were performed as described previously (34) .
RESULTS
Expression of lacZ gene in B.thuringiensis with B.popilliae promoter
pHT304-derived plasmids pHS1 and pHS2 (Fig. 1) were electroporated into the wild type and different sporulation-deficient B.thuringiensis strains. In B.thuringiensis, it was proven that the plasmid pHT304 is very stable with a copy number of about four copies per equivalent chromosome. The strains containing pHS1 and pHS2 were cultured in SP medium. 0.5 ml samples were taken 2 h before the end of logarithmic phase t -2 (t n , n = hours after the end of logarithmic growth) and at 1 h intervals thereafter until t 16 . The cells were harvested and the specific β-galactosidase activity of the samples was measured. At t 16 , mature spores could be observed by phase contrast microscopy within the wild type strain Spo + Bt 407 Cry -, but the spores formed were not yet released. In the sigK, sigE and spo0A mutants (12) and cry18Aa (this study); see (37) for σ E dependent promoters of B.subtilis; see (38, 39) for σ K dependent promoters of B.subtilis, except csk22 and cotM (37, 40) , respectively.
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of the strain, the formation of spores could not be detected (20, 27) .
The production of β-galactosidase by the Spo + Bt 407 Crystrains harboring pHS1 and pHS2 is shown in Figure 2A . pHS1 contains a lacZ gene fused to the intergenic region including part of both genes, and the lacZ gene of pHS2 is fused to a DNA fragment composed of the upstream region and part of orf1 (Fig.  1) . Whereas a high β-galactosidase activity was detected in the B.thuringiensis strain harboring pHS2 after t 2 , no β-galactosidase activity was found in the same host strain harboring pHS1 from t -2 to t 9 . This suggests that the intergenic region between orf1 and cry18Aa harbors no promoter and the two genes are transcribed as an operon.
Plasmid pHS2 was then introduced into sigE, sigK and spo0A mutants of the strain Bt 407. Figure 2B shows the production of β-galactosidase in the Spo + and Spo -backgrounds. In the Spo + strain, the production of β-galactosidase started at t 2 and displayed two peaks at t 7 and t 11 . The peaks coincided with the maximum activity of σ E -and σ K -dependent promoters, respectively. β-galactosidase activity in the sigK background showed only one peak at about t 7 , and the maximum activity was lower than in the Spo + background (127 000 versus 255 000 Miller units/mg protein). In 407 sigE, the β-galactosidase synthesis was severely reduced and only a very low β-galactosidase activity was detected at t 2 , reaching a maximum of 360 Miller units at t 10 (because of the scale used, this enhancement is not apparent). In 407 spo0A, β-galactosidase activity was detected from only t 3 to t 9 (up to 90 Miller units). These results suggested that two promoters are present upstream of orf1, one is σ E -, and the other is σ K -dependent.
Mapping of the promoter of the putative cry18Aa operon
With total RNA isolated from the strains Spo + Bt 407 and 407 sigK containing the plasmid pHS2, primer extension was performed using the oligonucleotide P2 as primer. The samples were analyzed on a 6% sequencing gel alongside the pHS2 sequence which was performed with the same primer.
In the Spo + B.thuringiensis strain, no transcriptional signal was detected with the t 0 RNA and a single 5′-terminus located 29 bp upstream of the translational start of orf1 was observed at t 5 and t 9 (Fig. 3) . The signals detected using t 5 and t 9 RNA from Spo + Bt 407 Cry -harboring pHS2 were at exactly the same site. Even in over-exposed autoradiography, no other signals could be found that would correspond to another transcription initiation site.
From the timing of B.thuringiensis sigma factor activity in the mother cell (20), we hypothesized that the t 5 transcript was initiated by the σ E form of RNA polymerase, whereas the t 9 transcript was initiated by the σ K form of RNA polymerase. To confirm this assumption, RNA extracted from the strain 407 sigK was subjected to primer extension analysis. As expected, the same signal as with the wild type strain was detected with the t 5 RNA, but not with the t 9 RNA, suggesting that the t 9 transcript from the wild type B.thuringiensis strain is initiated by the σ K form of RNA polymerase.
Taken together, we propose that the promoter of cry18Aa operon may be recognized by both σ E and σ K . In agreement with this suggestion, the comparison of the promoter region of this operon with the consensus sequences of σ E -and σ K -dependent promoters of B.subtilis and B.thuringiensis indicates that this promoter fits both consensus sequences (Fig. 3C) .
DISCUSSION
This work deals with the mapping of the B.popilliae cry18Aa promoter in B.thuringiensis and the analysis of the activation of the promoter by lacZ fusion. B.thuringiensis was chosen as the genetic background to investigate the transcription of cry18Aa because most cry genes have been isolated from this organism.
The results indicate that orf1 and cry18Aa are transcribed as an operon. This coincides with our unpublished data which indicate that no further putative promoter is located in the orf1 coding region: in wild type B.thuringiensis, the removal of the upstream sequence of orf1 resulted in the loss of the ability of the cell to produce Cry18Aa, whereas the removal of orf1 from the operon did not have such effect.
In Spo + Bt 407 Cry -, it was demonstrated that the β-galactosidase activity directed by σ E -dependent spoIID promoter of B.subtilis started at t 2 and reached a maximum at t 5 and the expression of the σ K -dependent cotA gene of B.subtilis started at t 6 and reached the maximum at t 11 (20) . In the same strain, β-galactosidase activity directed by cry18A promoter started at t 2 and displayed two peaks at t 7 and t 11 . We suggest that the peak at t 7 is obtained by superimposition of β-galactosidase activities directed by both Eσ E and Eσ K . This and the further analysis of the cry18Aa promoter activity in sporulation-deficient strains of B.thuringiensis (407 sigK, 407 sigE and 407 spo0A) suggested that one σ E -and one σ K -dependent promoter are involved in the transcription of the cry18Aa operon.
Primer extension with RNA isolated from Spo + and sigK strains suggests that the transcription of cry18Aa operon can be driven by both Eσ E and Eσ K from the same site. Interestingly, this could be also the case in the cry2Aa operon of B.thuringiensis, to which the cry18Aa operon shows the highest sequence similarity. Widner and Whiteley have shown that the transcription of cry2Aa in early, middle and late sporulation phases starts from the same site (5) .
It has been shown that some σ E -and/or σ K -dependent genes of B.subtilis can be transcribed by Eσ E and/or Eσ K of B.thuringiensis (12, 13) . Similarly, some cry genes of B.thuringiensis were found to be σ E and/or σ K dependent in B.subtilis [cry4A (16, 35) , cry4B (18) and cry11Aa (10) ]. These results suggested that σ E and σ K of B.subtilis and those of B.thuringiensis have similar recognition sequences. Alignment of σ E -and σ K -dependent promoters of B.subtilis and B.thuringiensis resulted in the following consensus sequences: σ E : -35, KHATANHT; -10, CATANNHT; spacer = 12-14. σ K : -35, DHACV; -10, CA-TANNHT; spacer = 15-17 (Fig. 3C) . However, a very conserved 'G' can be observed in the -35 region of the σ E -dependent promoters of B.thuringiensis, which was not observed in B.subtilis. It is unknown if this difference is species specific.
The similarity between the consensus sequences of σ E -and σ K -dependent promoters makes it possible that a σ E -dependent promoter can be recognized by σ K if several bases of uncertain positions of the σ E consensus fit that of σ K . We proposed that this could be the case for the cry18Aa promoter of B.popilliae, since the promoter region of cry18Aa operon fits both consensus sequences of σ E -and σ K -dependent promoters of Bacillus.
The expression of some cry genes of B.thuringiensis is supported by σ A and σ H . σ A is the main sigma factor which is active during vegetative growth and the early sporulation, σ H is active during the transition from vegetative growth to sporulation (14) . It can be argued that σ A and σ H do not recognize the cry18Aa promoter. The loss of β-galactosidase activity in the spo0A strain of B.thuringiensis harboring pHS2 indicated that the gene was not transcribed by Eσ A . In wild type B.thuringiensis containing pHS2, β-galactosidase activity was not detected at the turn from vegetative growth to the sporulation, at which period σ H is active.
Overlapping promoters are often found in bacteria. Usually, the transcriptional initiation sites of overlapping promoters of one gene/operon are not the same. This is due to the difference in consensus sequences of the promoters. Two holoenzymes containing different sigma factors may transcribe a gene using the same initiation site if the two sigma factors need different consensus sequences which are located in partially overlapped promoter regions, like the -35/-10 region for σ 70 and -24/-12 region for σ 54 of E.coli (36) , or if some bases of the promoter region are shared by both consensus sequences of two different promoters, as in the case with the σ E -and σ H -dependent promoters of cry4A of B.thuringiensis (17) . This work describes a promoter which can be recognized by two types of RNA polymerase with a single transcriptional initiation site.
